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We investigate quark flavor signals in three different supersymmetric models, minimal supergravity, the
SU(5) SUSY GUT with right handed neutrinos, and the minimal supersymmetric standard model (@jth U
flavor symmetry, in order to study the physics potential of the present and Biiaetories. We evaluat€ P
asymmetries in variouB decay modesAmBS, Ade, andey . The allowed regions of th€ P asymmetry in
B—J/yKg andAmBs/Ade are different for the three models so that precise determinations of these observ-
ables in near future experiments are useful to distinguish the three models. We also investigate possible
deviations from the standard model predictionsCd? asymmetries in otheB decay modes. In particular, a
large deviation is possible for the(®) model. The consistency check of the unitarity triangle includig
—am,pm,DFKE) DE) gz D*p, and so on, at future high luminosig'e™ B factories and hadroni®
experiments is therefore important to distinguish flavor structures of different supersymmetric models.
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[. INTRODUCTION two orders of magnitude by the time that these hadron ex-
periments will be carried ouf7,8]. With luminosity of
The recent developments iB physics are remarkable. 10°°-10°® cm ?s™!, the superB factories will provide us
Both the Belle experiment at KEK and the BaBar experimentyith 10°-~10'° BB pairs in a year. Then, we shall have good
at SLAC observed larg€P violation in B—J/#/Ks and  opportunities to explore new physics from observations of
related modes. These observations are the first diSCOVGry @P asymmetries and rae decay processes'
CP violation out of the kaon Systerﬁﬂ.,Z]. The results are Among various candidates of new physics beyond the
consistent with the Kobayashi-Maskawa mechani8hof  sM, supersymmetrySUSY) is the most interesting one. Al-
CP violation in the three-generation standard mot®W).  though the main motivation for introducing SUSY is to solve
In the coming years, we expect much improvement in thehe hierarchy problem, namely to give a justification to the
measurements oL P violation and rare decay processes atelectroweak scale, which is much smaller than the Planck
the asymmetri® factories. In addition, the magnitude of the scale, flavor physics can provide important information on
B.-Bs mixing will be determined at the Fermilab Tevatron SUSY models. In SUSY models, mass matrices of SUSY
experiments$4]. It will be clear in a few years whether or not partners of the quarks and the leptons are new sources of the
the Cabibbo-Kobayashi-Maskaw@KM) matrix is the main  flavor mixing. Since these mass matrices are determined
source of flavor mixing an@ P violation in the quark sector. from SUSY breaking terms in the Lagrangian, their flavor
In the future,B physics is expected to play an even morestructures reflect the SUSY breaking mechanism and interac-
important role in precisely determining the flavor structure oftions present between the scale of the SUSY breaking and
the SM and searching for possible new physics effects bethe electroweak scale. FutuBephysics is therefore very im-
yond the SM. CERN LHC-H5] and BTeV[6] experiments portant to discriminate various SUSY breaking scenarios. It
are planned to provide very precise information on the anglesan play a more important role if CERN Large Hadron col-
of the unitarity triangle fromBy and Bg decays at hadron lider (LHC) experiments discover SUSY particles, in which
machines. As foe" e~ asymmetric colliders, both KEK and case we can make more precise predictions for flavor signals
SLAC are considering increasing the luminosity by one tobased on a particular scenario.
In this paper, we investigate SUSY effects Brphysics
based on three different SUSY models, nanmélythe mini-
*Present address: Department of Physics, Graduate School of S¢hal supergravitymSUGRA model, (2) the SU5) SUSY
ence, Osaka University, Toyonaka, Osaka 560-0043, Japan; Elegrand unified theoryGUT) with right-handed neutrinos, and

tronic address: goto@het.phys.sci.osaka-u.ac.jp (3) the SUSY model with () flavor symmetry{9,10]. We
"Electronic address: yasuhiro.okada@kek.jp focus on the new physics search through the consistency test
*Electronic address: shimizu@eken.phys.nagoya-u.ac.jp of the unitarity triangle. We address two questions. First, we
SElectronic address: shindou@het.phys.sci.osaka-u.ac.jp ask whether these models can be distinguished from the SM
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—JlyKgand theBs-§s mixing. Second, we consider impacts
of other angle measurements of the unitarity triangle in th
era of LHC-B/BTeV and ar™ e~ superB factory when the

above two observables are precisely determined. We analyze
the three models in the same fashion, so that we can clear

show the potential of futur® physics. There are already
many analyses in the literature for each of the three mod
[9-15], but here we make a systematic treatment to sho
that various measurements Bhphysics are in fact useful to

distinguish different SUSY models. We show that the al-

lowed region ofAmBS/Ade is quite different from the SM

prediction for the Sb) SUSY GUT with right-handed neu-
trinos and the () model, whereas the deviation is small for
the mSUGRA. Furthermore, the GUT and thé2Umodel
can be distinguished when we meas@B asymmetries of
decay modes such aB— mar,pm,D*)K*) DXz and
D*p.

el

;
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AT byt .0+ B8+ L2+ 2%

e + L€ j 1+ .C.)+7 +7 +7gg,
3

Whereq,, T;, @, T, &, hy, andh, are the corresponding

calar components of the chiral superfields, BndV, andg
enote U(1ly, SU(2) , and SU(3} gauge fermions, re-
spectively.

B. Flavor structure of the soft breaking terms

Although the Yukawa couplings are the only source of the
flavor mixing in the SM, the mass terms and the trilinear
scalar coupling termsA termg of squarks and sleptons in
Eqg. (3) may induce additional flavor mixings in the MSSM.

The Yukawa couplingd’s in Eq. (2) are constrained to
reproduce the known quark and lepton masses and the CKM
matrix. On the other hand, the soft breaking terms, their fla-

This paper is organized as follows. The three models argor structures in particular, are rather unconstrained at first

introduced in Sec. Il. Th84-B4 mixing, theB¢-Bg mixing,
the CP violating parameter in th&°-K° mixing (), and
CP violations in variousB decays are discussed in Sec. Ill.
The numerical results of these observables are presented
Sec. IV. Our conclusion is given in Sec. V.

Il. MODELS
A. The minimal supersymmetric standard model

The minimal supersymmetric standard mo@diSSM) is
an SU(3xXSU(2) X U(1)y supersymmetric gauge theory
with the SUSY being softly broken. The MSSM matter con-
tents are the following chiral superfields:

Qi(32%), Ui(3,1-%), Di(3,14),
Li(1,2-%), E(1,1,, (1)
Hi(1,2-3), Hy(1,23),

where the gauge quantum numbers are shown in parenthes%%]

andi=1,2,3 is a generation index. AssumiReparity invari-
ance and renormalizability, we can write the MSSM super
potential as

WMSSM:fBBinH1+fBUinH2
+fUELH,

+uHH,. (2

The soft SUSY breaking is described by the following La-
grangian:

— L= (M) jaiq "+ (md);/d"d; + (m?) /u™y
+(mg)'jeie"+(mf) T+ Afhih; + Ahh,
— (Buhshy+H.c)+ (Addig;hy + Afuig;h,

03500

sight, apart from the naturalness condition that they should
be within the TeV scale. As is well known, however, unless
some specific structure is assumed in the soft breaking terms,

tme sfermion-exchanging contributions to flavor changing

neutral curren{fFCNC) processes such as tKé-K°mixing

and theu— ey decay are too large to satisfy the experimen-
tal limits, if the squark and slepton masses are below a few
TeV. There are several ways to avoid this problem.

One is to assume a SUSY breakitend its mediation
mechanism in which the universality of the soft breaking
terms are ensured. In other words, mass degeneracy for the
sfermions with the same electric charge and chirality, and
proportionality of theA terms to the Yukawa coupling con-
stants are required to suppress FCNC processes. Phenom-
enology of models with the universality further depends on
the energy scale where the SUSY breaking is generated, be-
cause the universality in the sfermion sector is vitiated due to
radiative corrections induced by the Yukawa couplings.

It is convenient to use renormalization gro(lRG) equa-
tions in order to trace these radiative corrections. The univer-
sality in the soft breaking terms is imposed on the boundary
ditions of the RG equations at the energy scale of the
SY breaking. If the energy scale of the SUSY breaking is
close to the electroweak scale, the RG evolution is tiny and
the universality is practically maintained. The gauge medi-
ated SUSY breaking modgl6] is of this kind, and its flavor
phenomenology is quite similar to that of the SM.

If the energy scale of the SUSY breaking is far above the
electroweak scale, the RG evolution is sizable and the uni-
versality is lost. Though not exactly universal, flavor physics
is still under control in this kind of models in the sense that
the origin of the flavor mixing only resides in the Yukawa
couplings. The flavor mixing in the squark sector is deter-
mined by the quark masses and the CKM matrix. On the
other hand, the flavor mixing in the slepton sector is ruled by
the lepton couplings in the superpotential including Majo-
rana mass terms of right-handed neutrinos if existing. The
MSUGRA discussed in Sec. Il C is a model in this class.

Embedded in a GUT, the above situation is modified if the
energy scale of the SUSY breaking is higher than the GUT
scale. Since the GUT interactions obscure the distinction be-
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tween the quark flavors and the lepton flavors, the leptoroupling constants are taken into account. It is shown in
flavor mixing in the Yukawa couplings affects the squarkthese papers that large contributionseip and thep— ey
ﬁ:ﬁ?édvr\{gustnﬁgsegﬁggwg n";‘g dg)é %%Jtsh\é, %ﬁg i‘I{]V'tShe::'gntb decay can arise from the new source of flavor mixing in the
e " _peutrino sector. These analyses are extended to the case of a
Another way to suppress the FCNC processes is to rely o UT model with realistic érmion mass matrices in Ref.

a flavor(or horizonta] symmetry. It is obvious that the flavor . .
symmetry, whatever it is, should be broken because th 1.4]' Here we follow the analysis of Reff14] and we give a
rief description of the model.

Yukawa couplings have no such symmetry. The symmetr The Yuk i d Mai f the riaht-
breaking must be taken so that the observed quark and lepton € Yukawa coupiings and Majorana masses ot the rig
masses and their mixings are reproduced. Even though th anded neu_trlr.wos in the model are described by the following
constraint is imposed, there are several choices for the ﬂavosruperpotennal.
symmetry and its breaking pattern. The flavor phenomenol- 1 B
ogy heavily depends on them. In Sec. Il E we shall consider WSU(S)VRzgeabcdgxu)'l(Ti)ab(TJ—)CdHe
a model with W2) flavor symmetry among the possibilities.
C. The minimal supergravity model +()\D)”(Fi)a(Tj)abe+()\N)ljNi(Fj)aHa

The mSUGRA consists of the observable sector, i.e., the 4 E(MN)”EE , (5)
MSSM, and a hidden sector. These two sectors are only in- 2
terconnected by the gravitation. The SUSY is assumed to be
spontaneously broken in the hidden sector, and the so
breaking terms in Eq(3) are induced through the gravita-

herei andj are generation indices, whigeb,c,d, ande are
U(5) indices. e, ¢4 denotes the totally antisymmetric ten-

tional interaction in the following manner: sor of the SUS). T;, F;, andN; are10, 5, and1 represen-
. . - tations of the S\(b) gauge group, respectively; contains
(MmQ)'j=(mg)'j=mgd'; , Qi U, andE; in Eq. (1), andF; includesD; andL;. H and

H are Higgs superfields ib and 5 representations, respec-

2y J=(m2). i=(m?2). i=mZ2s. |
m =(m =(m =mgd; !, . .
(Mp); 1= (mip)i = (M0 =My, tively. H consists ofHc(3,1,—%) and H,, and H does

AZ=AZ=m, Hc(3L3) and Hi. (\y)', (\p)’, and ) are the
ukawa coupling matrices, andV(y)'! is the Majorana mass
) o @ Yuk i i a4)" is the Maj
D=MoAofd, Al=meA,fY, matrix. In addition to the above superpotential, we also need
i i a superpotential for Higgs superfieldd;,(H,H,3), where
AL =moAof |, 3.5 is a24 representation of the SB) group. It is assumed to
develop a vacuum expectation valuEV) as (37)

Mi=M,=M3z=M5, .
1 e s e =diag},%,t,—%,—3)vg at the GUT scale and breaks the

where we assume the GUT relation among the gaugin®U(5) symmetry to SU(33X SU(2) X U(1)y .

masses. The above relations are applied at the energy scaleThe supermultiplets whose masses are of order of the

where the soft breaking terms are induced by the gravitaGUT scale such abl: andH¢ can be integrated out below

tional interaction. We identify this scale with the GUT scalethe GUT scale. Then, the effective theory below the GUT

(My=2x10'% GeV) for simplicity. scale is the MSSM with the right-handed neutrino supermul-
The soft breaking terms at the electroweak scale are deiplets, and its superpotential is given as

termined by solving RG equations with the initial conditions

defined in Eq.(4). p= 1 =

a Wssmog= Wiissmt (fn) ! NiLjH o+ E(MN)”NiNj,

D. The SU®5) SUSY GUT with right-handed neutrinos (6)

The measurements of the three gauge coupling constanighere the Yukawa coupling matrices are related to those in
at the CERNe*e™ collider LEP, SLAC Linear Collider Eq. (5 as (fu)i=(\), (fp)i=(fD)I=(\p)", and
(SLC), and other experiments support the idea of the superet yii—(x )1l in the leading order approximation.
dence of neutrino oscillations in the atmosphétic] and the (=), the singlet supermultiplets are integrated out, and

solar[18] neutrino experiments. Guided by these experimenipe resulting superpotential is the sum)of,sey in EQ. (2)
tal results, SUb) SUSY GUT with right-handed neutrino has 54 the following higher dimensional term:

been studied. In particular, the relationship between quark

flavor signals and the neutrino oscillations has been investi- 1 -

gated in Refs[12—14. A large flavor mixing in the neutrino AW,= =5 (K" (LiH2)(LjH2),

sector can include a squark mixing in the right-handed down-

type squark sector. In Ref12], the quark flavor signals are 1

studied for various neutrino oscillation scenarios. In Ref. KF(“L)”((—) (f). (7
[13], effects of CP violating phases in the GUT Yukawa M/
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This term yields the neutrino masses below the electroweakere calculated in this model. To account for quark and lep-

scale as ton mass ratios, the following higher dimensional operator
-~ N was introduced:
()= (K,)(hy)?. ® (i)
_o) = by
The above neutrino mass matrix is related to the observable AWsu(sye= Mp (Fi)a2p(T) He, (12)
neutrino mass eigenvalues and the Maki-Nakagawa-Sakata
(MNS) mixing matrix[19] as whereMp is the Planck mass\p=2x10'® GeV). Conse-
- ‘ . quently, Eq.(10) is modified to
()= (Vins)m, (Vs (9) c
ij_ ji_ 2 ji
in the basis in which the charged lepton mass matrix is di- (fe)"=(Tp) 6§(KD) ' (12
agonal. . . .
As is mentioned above, the superpotential in &y.pre-  Whereé=ve/Mp=0.01. Taking the Majorana mass matrix
dicts that proportional to the unit matrik(My)" =Mgé"] for simplic-
ity, Baek et al. [14] showed that the flavor mixings of the
(fe)l=(fp)l! (100 squark and slepton sectors were determined by the CKM

matrix, the MNS matrix, and two additional mixing matrices

at the GUT scale. It is well-known that the mass ratios of therelated to the down-type quark and the charged lepton
down-type quarks to the charged leptons in the first and thgukawa coupling constants. As long as we take the large
second generations cannot be explained by this relation amixing Mikheyev-Smirnov-WolfensteitMSW) solution for
though it reasonably works for the third generation. This,the solar neutrino anomaly, the SUSY effect becomes large
however, is not a fatal flaw of SB) GUTs because there are for ¢, andB(u—evy). In this paper we follow Ref.14] but
several ways to overcome this shortcoming. For examplegonsider the special case that the two additional mixing ma-
higher dimensional operators will{ may contribute differ- trices are equal to the unit matrix because the general fea-
ently to the Yukawa coupling matrices of the down-typetures mentioned above do not change by this simplification.
guarks and the charged leptons. In order to calculate the FCNC processes we need to

In Ref.[14], quark FCNC processes, lepton flavor viola- specify the soft breaking terms. The &Y invariant soft
tion processes, and the muon anomalous magnetic momebteaking terms are written as

— L o= (M) (T) 4p(T)) 20+ (M) /(F *)3(F}) a+ (M) N™* Nj + (M) H* JH3+ (M) H* 3H,,

1 -~ - -~ = e e 1 . e
+1 5 €apcdd Ao) T (THE(T)MHE+ (Np) " (F)a(T) 2P Hp+ () "Ni(Fj) H2+ E(MN)”NiNj"'H-C-

8
1 - . = FU— 1 =_
+ 1 [(ka) T (FDaZ (T Ho+ H.c ]+ 5 MsGsGs, (13
P
|
where ¥, E_i, andN' are the scalar components Bf, E We solve the RG equations of the @YSUSY GUT from

N . . = . the Planck scale to the GUT scale, then those of MSSM with
and N', respectively;H andH stan_d for the corresponding right-handed neutrinos between the GUT scale bind Fi-
scalar compo~nents of the superfields dgnoted by the Sanﬁ%lly, the squark and slepton mass matrices are obtained by
symbols; andGs represents the SB) gaugino. We assume the RG equations of the MSSM beloMg .

that the soft breaking terms are universally generated at the

Planck scale, i.e., _
E. A model with U(2) flavor symmetry

(m'zl')i]:(m%)ij:(m%)ijzmgég : It is possible that the family structure of the quarks and
the leptons is explained by some flavor symmetry. Although
M) T=meAg(N),  (N=Ay,Ap,AN), U(3) is a natural candidate of the flavor symmetry, it is badly
(14) broken by the top Yukawa coupling. It is therefore legitimate
(kp)' = moAg(kp)Y, to choose a (2) symmetric model in order to study the
flavor problem in the MSSM.
Mg=M . In this framework, the quark and lepton supermultiplets in

the first and the second generations transform as doublets
These equations serve as a set of boundary conditions of R@der the W2) flavor symmetry. Each of these doublets car-
equations at the Planck scale. ries a positive unit charge of the(l subgroup. The quark
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and lepton supermultiplets in the third generation and thgarameters in Eq(18) are determined so that the known
Higgs supermultiplets are totally singlet under th€)JIn  quark masses and mixing are reproduced taking the RG evo-
addition to the ordinary matter fields, we introduce the fol-lution into account.

lowing superfields: a doubleb'(—1), a symmetric tensor The U2) symmetry constrains the soft breaking terms as
S'(—2), and an antisymmetric tensAF (—2), wherei and  well as the supersymmetric terms. Thé2Winvariant soft

j run from 1 to 2, and the numbers in the parentheses reprQ]Teaking terms relevant to Squark masses are
sent the W1) chargeqd10].
The U?2) invariant superpotential relevant to the quark
Yukawa couplings is given as follows: a?
L= ng[?*i?i+aﬁ*3f3+M—f"f*3¢i~fi
F

—_— bU i_ Cu— i f:q,u,d
Wyey=Yu| UzQsHo+ M_,:(D UiQzH,+ M_,:U3q) QiH,

at* _ _ aft _ o
* L% gk fik g
dy — ay +MF¢|f fat+ MF¢,f 't
+ ——SUiQjH,+ ——A"U;Q;H,
Mg Me asSs
_ by + g Sie S‘J’”f'j}, (19
+Yp| D3QsH1+ M_FCD'DiQsHl F
+ C_DSS(DiQiHlJr d—DS‘JEiQ-Hl where a¢’s are dimensionless coupling constants®(1),
M M J .
F F and shown are the terms that yield squark masse3(ef)

or larger when the flavor symmetry breaking takes place. The
, (15 squark mass matrices stemming from E#j9) are param-
etrized as

p =
+y-ATDIQjHy

whereM¢ is the scale of the flavor symmetry, aggd, ag,
bg, Cq, anddg (Q=U,D) are dlm_enS|or_1Iess. coupling con- 1 0 0
stants. In Eq(15) we neglected dimension five and higher
dimensional operators in the superpotential. Absolute values mi=my2| 0 1+r5e® ryge |, X=Q,U,D, (20
of the above dimensionless coupling constants exceptdgor
are supposed to be @¥(1).

The successful breaking pattern of th€2symmetry is
that

0 rXe rys

wherer*’s are constant parameters ©{1).
U(2)—U(1)—1 (no symmetry, (16) As for the A terms, it turns out that they have the same
hierarchical structure as the Yukawa couplings in 8®):
where the first breaking is induced by VEVs &f andS',
and a VEV ofA" brings about the second one. The VEVs are

given as 0 EQe’ 0
i i ij ijy _ a0 3 T _
<q)|>=§i26q; <SIJ>=5iZ5j2€S <A|J>:€ij€’ an (Ad)=Ag| —age’ dge bge|, Q=U,D.
Me " Mg " Mg ' 0 EQE 1

21
whereeg, ande’ are taken to be real without loss of gener- @)

ality. Note that(S") is chosen so that it leaves g1 unbro-
ken. Hierarchical relations among the VEVs thdt<eg In general, though being @(l),EQ,BQ,EQ, andaQ take

~|eg|<1 are assumed in order to reproduce the quarlEiif'ferent values from the corresponding parameters in Eq.

masses and the quark mixing angles. ( . .
. : . 18). Therefore we expect no exact universality of the
With the above VEVs, we obtain the following quark terms in this model.

Yukawa couplings: The soft SUSY breaking terms at the electroweak scale
0 ae’ 0 are given by solving the RG equations of the MSSM with the
- Q boundary conditions in Eq$20) and(21) at the GUT scale.
(f&)=yo| —ag€e’ dge bge|, Q=U,D, (18
0 CQG 1
I1l. OBSERVABLES

where we use=eq,= €5, Which is valid providing appro- . . ,
priate redefinitions of the coupling constants in Ef5). ) The observables considered in the following ge(fhé

Equation(18) is applied at the GUT scale where we assumeviolation parameters in the K%-K® mixing, B4-By and
that the symmetry breaking sequence in 8d) occurs. The B¢ -Bg mass spIittingsAde and AmBs, respectively, and
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CP asymmetries in variouB decay modes. ol 5w — —ov_ me |2 RR(L)
TheBg4-By, Bs-Bs, andK®-K° mixings are described by (KEl(dsra) (dlsrp) K =~ 73 Mg+ My i fBK
the effective Lagrangian of the following form: (249
L£=C (A" QLa) (AP 7,Qup) (Kouafawxaf&;Hﬁby=££(—lnﬁ——anfZERW”
“ @ 12\ mg+my) T KKTK
+ Cre( 07" Qra) (0RY,4Qrp) T CLR(IRQLL) (AFQrp) (249

+CR(G2QLp) (AP Qra) + CH(GEQLL) (GEQL ) where By, BR1? and BRR™? are bag parameters of
O(1), which have been calculated by the lattice QCD

+CE(g8QL) (ABQLL) + CRAAIQra) (A Qrp) method[20]. It can be seen that the matrix elements of the
scal&r operators are en_hanced by a faetomy /ms)? for the

CEAa7Qrp) (afQra), (22 KO-K° mixing. For B%-B° mixing cases, the corresponding

factor is~ (mg/my)? so that the enhancement is less signifi-
where @,Q)=(d,b), (s,b), and {d,s) for the Byg- §d, cant. In the SB) SUSY GUT with right-handed neutrinos

Bs-Bs, andK®-K® mixings, respectively. The sufficesand ~ and the W2) model, theC, r and/orCgg terms can signifi-
B are color indices. The Wilson coefficier(ss are obtained ~cantly contribute taV;,(K) because of this enhancement in
by calculating box diagrams. See REf4] for explicit for-  the matrix elements.
mulas of the coefficients. The mixing matrix elements We can express,, Amg , andAmg_in terms ofM;, as
M1o(Bg), M1o(Bg), andM ,(K) are given as _
€™ ImM 1K)
1 _ O ve— (25)
MA(P)=—5—(P|L[P), (23 K
2mp

Amg =2|M1ABg)l, (26)
whereP=B,,B;, K°.
In the SM, the flavor changes only occur in the interaction AmBS= 2|M 1A By)|. (27
with the left-handed quarks, so thit;, is dominated by the
C.. term for all three mesons. The situation is the same inThe CP asymmetry iBB—J/¢ Kg, AmIX(B*)J/lﬂ Kg) is de-
the mSUGRA, since the flavor mixing in the squark sector isfined as
induced by the running effect and hence takes place only in .
the left-handed squark sector. In the SUSUSY GUT with I'[By(t)—J/ ¢y Kg]—T[By(t)— Iy K]
right-handed neutrinos and the(2) model, on the other =
hand, there are sources of squark flavor mixing other than the TIBy() = Iy K]+ TBy(t) = I/ ¢ Ks]
CKM matrix. In the SU5) SUSY GUT with right-handed m|x(B_)J/¢KS) smAmB (28)
neutrinos, flavor mixing in the right-handed down-type
squark sector is induced due to the Yukawa coupling matri
of the neutrinos through the running between the GUT an
the Plancl_< scales. In the(®) model, the squark mass matrl-_ ATX(B—J/ i Kg)=sindy , (29)
ces contain more free parameters. Consequently, flavor mix-
ing is possible in both the left-handed and the right-handedvhere ¢, is defined as 'év=M,(By)/|M15Bg)|. In the
squark sectors and the mixing matrices can be different fronpresent analysis we assume that the tree-level diagram domi-
the CKM matrix. In the latter two models all the Wilson pates theB,(B,)— J/# K decay so that no new phase ap-
coefficients in Eq(22) are relevant. pears in the decay amplitud&xperimentally, sinpy, can be
We parametrize the matrix elements of the operators in
determined by combining decay modes with thesccs

gms asymmetry is given by the phaseMf(By) as

Bq.(22) as transition such asBy—J/¢Kg, Byg—Jd/¢ K, and By
2 A i hysics from th i
KO a v, ) (dBy.5, 5) KO = =m2f2By, (24 In order to constrain new physics from the consistency
(K¢ L) (A07,50)[K7) 3 k. (249 check on the closure of the unitarity triangle, depicted in Fig.
1, it is important to measure the angles other thhgn There
1 me \? are several theoretically clean ways to determine these
(KO (disL o) (dfsre)[KO) = Sl m m2fZBERM), angles. In the SM, @, is given by, , and sin 2, is ob-
s’ d (24b) tained from the isospin analysis &— == [21] and the
—1{ m 1 ; ; ; i ;
0 B 0\ _— K 22 KLR(2) In the U2) model, in particular, there might be sizable contribu-
(K KdRSLB (dLSR”‘)|K ) 6\ mg+my kficBx ' tions to the decay amplitudes with n&P phases. In such a case a

(240 direct CP asymmetry may be observed.
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The CKM matrix element¥/ s, V¢, and|V,,| are de-
termined in experiments independently of new physics con-
tributions because these are extracted from tree-level pro-
cesses. We fiy/,s and V., in the following calculations as
V,s=0.2196 andV,=0.04, and van|V,,| within a range
[Viup/Vep| =0.09+0.01. Although the current error ¢¥ |
- is estimated to be larger than this value, we expect theoreti-
b Ved cal and experimental improvements in the near future. We
vary theCP violating phasegs, within +180° because it is
not constrained by the tree-level processes independently of
time-dependent Dalitz analysis oB—pm [22. B  NEW physics contribultions. For the qulark masses, we take
—D®K®) modes provide us with the angig, [23]. B Mi =175 GeV, m**=4.8 GeV, m**=1.4 GeV, and
—D®) 7 [24] andB—D*p [25] with the angular analysis mY~(2 GeV)=120 MeV.
give us information on sin(@; + ¢s). As for the SUSY parameters, we assulg,, Ag, andu

If we consider effects of new physics, these measurementre real parameters in order to avoid too large SUSY contri-
can be interpreted as constraints on the phases d3ghg,  Putions to the electric dipole moments of the neutron and the
mixing and the decay amplitudes. When we neglect the nevgléctron. We vary these parameters within the ranges 0
phases in the decay amplitud&,> 7, p7, BDH*KX*) ~ <mp<3 TeV, 0<M,<1 TeV, and —5<A,<5 at the
andB—D®) 7, D* p provide us with singy+2¢s), ¢, and ~ GUT scale. Both signs qi are considered. We take the ratio
sin(éy+ ¢3), respectively, wherebs is the weak phase of the ©Of two VEVs tang=(h,)/(h;)=20 for most of our analysis
b—u transition amplitude in the standard phase conventio@nd comment on other cases.
given in the Appendi¥. In the following analysis we as-
sumed thatp, is determined from th8— J/¢ Kg mode and
related modes, and we study impacts of #hemeasurement
on new physics search.

FIG. 1. The unitarity triangle.

B. Parameters in the SUW5) SUSY GUT with right-handed
neutrinos

In the SU5) SUSY GUT with right-handed neutrinos, we
IV. NUMERICAL ANALYSIS need to specify the parameters in the neutrino sector in ad-
A. Parameters in the minimal supergravity model dition to the quark Yukawa coupling constants given in Sec.

. - . IVA. We take the neutrino masses as? —m? =2.4
In our calculation, the masses and the mixing matrices in 3 2

. —3 2 2 2 _ —5 2
the quark and lepton sectors are treated as input parametefstO ~ €Ve, m, —m; =4.2X10"> eV*, andm, ~0, and

which determine the Yukawa coupling matrices. the MNS matrix as
CsoC13 SsolC13 S13
VMNS: ~ SsoCatm™ CsolSatmS13 CsoCatm™ SsolSatmS13 SainC13 | , (30)
SsolSatm™ CsolCatm®13 ~ CsoiSatm™ SsolCatm®13  CatnC13

(c;=cosé;, s,=sin6) with sir’26,,,=1, sirf26,,=0.655, MNS matrix and the right-handed neutrino mass matrix are
and sif26,3=0.015. These mass differences and mixingneglected.
angles are consistent with the solar and atmospheric neutrino The soft SUSY breaking parameters in this model are as-
oscillations. The value of sf26,5 is constrained by reactor sumed to be universal at the Planck scale, and the running
experiment§26], and the above value is take as an illustra-effect between the Planck and the GUT scales is taken into
tion. account. We scan the same rangesnigr, M4, andA, as

In addition, we assume that the mass matrix of the rightthose in the mSUGRA case.
handed neutrino in Eq8) is proportional to the unit matrix,
and we takeMg=4x10" GeV. Complex phases in the

C. Parameters in the U2) model

2This approximation is valid for the three models under consider- [N the U2) model, we take the symmetry breaking param-
ation, at least foB—D®*)K®*) D)7 D* p. New phases could be €terse ande’ as e=0.04 ande’=0.008, and the other pa-

important for the decay amplitudes Bf— 7 ,p7. Even in such a rameters in the quark Yukawa coupling matrices in 8d)
case, we could obtain information about new phases by measuringre determined so that the CKM matrix and the quark masses
CP asymmetries of the various modes listed above. given in Sec. IV A are reproduced. Note that the texture of
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1.1 TABLE |. Decay constants and bag parameters for BeB°
mSUGRA and theK®-K® mixing matrix elements used in the numerical cal-
tan § =20 . =RR(2) : BRR(2) _ cRRR(L)_

culation [20]. Bg, .5, are given byBBq SBBq 4(mBq/mb

1.08 1 +mq) ~2Bg_ with q=d.s, which is valid in the static limit.
g} i B«  BKRY BRR® BRRY FRR2)
©1.06 | s 8
o2 K 159.8 MeV 0.69 1.03 0.73 0.65 1.05
X
S04f o, feffe, Bo BENE BEE I By
210 MeV 1.17 0.8 0.8 0.8 0.8 1.19
1.02}
My [Vig 2( Vig 2)
—=|— | 1+|— |. 32
1.00 ms | Vis Visl 32
SUGS) ® vy
tan B =20 In the numerical calculation we adjust, andmy to satisfy

these relations.

There are many free parameters in the SUSY breaking
sector as shown in Eq&0) and(21). In order to reduce the
number of free parameters for numerical calculations, we
assume that

ex /(&g dgm

m?=my?=my?=mgz, (33

Q_,U_ .D_
Hi=rig=rij=rij,

(11)=(22),(23),(33). (34)

We vary these parameters within the rangesin@,

<3 TeV, —1<rp<1, 0<rg<4, |ryg<4, and —180°
<argr,3<180°. The boundary conditions for th#e param-

eters and the slepton mass matrices are assumed to be the
same as the mMSUGRA case to simplify the numerical analy-
sis. We think that the above assumptions on the soft breaking
terms are sufficient for our purpose of comparing new phys-
ics effects related to thB°-B° and thek °-K° mixings in the

three models.

e / (&g dsm

D. Experimental constraints

In order to obtain allowed parameter regions, we impose
the following experimental constraints:

37,
X
.‘1
‘-' "

151 2512[)511520 ] Lower limits on the masses of SUSY particles and the
20 , ‘ ‘ , Higgs bosons given by the direct search in collider experi-
0 500 1000 1500 2000 2500 ments[27].

Branching ratio of theb—sy decay: 210 4<B(b
—5y)<4.5x10 4 [28].
FIG. 2. Ratio ofey to the SM value as a function of the gluino ~ Branching ratio of theu—ey decay for the SUSY GUT

mass for a fixed set of the parameters in the CKM matrix. case:B(u—ey)<1.2x10 *[29].
Measured values ofy and Amg_ [30], and the lower

the Yukawa coupling matrices in E¢18) predicts the fol- bound ofAmBS [31]. .
lowing relation among quark masses and CKM matrix ele- CP asymmetry in theB—J/yKs decay and related

m(g) [GeV]

ments: modes observed in the factory experiment$l,2].
Although the values of ¢ andAde are precisely measured
m. V.2 V.. |2 in experiments, there are theoretical uncertainties in the
u_ | Zub <1+ —ub ) (31 evaluation of the matrix elements farS(B)=2 operators.
me Vcb Vcb
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1.10 . : . . . . 1.10
mSUGRA mSUGRA
tan =20 tan f =20
1.08 + {1.08
= H
w
< : E
% 1.06 1.06 @
m1.04) 1.04 w
g o
S
1.02} 1.02
1.00 1.00
SUGS) ® vy SUG) ® vy
tan B =20 tan B =20
1.08 | + 11.08
=
o
=
2106} + '1.065
5 & FIG. 3. Deviations ofAde
= < and Amg_from the SM values as
@104 T 11.04 E functions of the gluino mass with
5 o the same parameter set as Fig. 2.
w
1.02] 1 1.02~
1.00 - T 1.00
L U(2) FS U@2) FS
i tan f =20 tan =20
25f i l25
.F-.
,\5 20 ¥ 2.0
o 20 H2. E
g Z
< 15} 15 I
= g
m o~
E 1.0} 10~
Wy
g
05} 0.5
0.0 : : : LT 0.0
0 500 1000 1500 2000 0 500 1000 1500 2000 2500
m(g) [GeV] m(g) [GeV]
In order to take these theoretical uncertainties into account, E. Numerical results

we calculatesx andAmg  with bag parameters arfgs _in

Table | and allow parameter sets if the calculated values
ek andAde lie within the ranges

At first we discuss qualitative features of the SUSY con-
0tfributions to theB4-B4 mixing, theBg-Bg mixing, ande for
each model.

In the mSUGRA, it is well known that the main SUSY
contributions toM 14(Bg), M 15(Bs), andM 1K) come from
(36) the box diagrams with_the charginos and_ the up-type squarks

and that the flavor mixing in the chargino vertex is deter-

) ) ) mined by the CKM matrix. Consequently, the SUSY contri-
For AmBs’ we |mpgse a constralnt.on the ratio MnB_d 85 putions are approximately proportional to the CKM matrix
Amg_/Amg > 27 since a large portion of the theoretical un- elements Y%,Vy)2, (VEVip)2, and (VV)? for Myo(By),
certainties is expected to cancel by taking the ratio. For thél,5(B;), andM ;,(K), respectively, and the ratios to the cor-
CP asymmetry, we us [‘:"FT(B—>J/¢// Kg)>0.5. responding SM contributions are common:

ex=€42.28x10 %)X (1+0.15), (35

Amg,=0.479ps X (1+0.22.
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(Amg Jsusy  (AMB)susy  (ey)susy 120 ' ‘
- ~ _ (37) U(2) FS
(Amg )sm  (Amg)sm  (ex)sm 90 | tan f =20 4
For the other two models, this proportionality is violated due g 60 |-
to the squark flavor mixing induced by sources other than the &
CKM matrix. S 30f
In the SU5) SUSY GUT with right-handed neutrinos, the =
flavor mixing in the right-handed down-type squark sector is < 0f
related to the flavor mixing in the left-handed slepton sector, s
and hence the constraints from the lepton flavor violating < -30 1
processes such gs—evy is important. As shown in Ref. 60
[14], B(u—ey) exceeds the present experimental upper 3
limit 1.2X 10" in the parameter region where the SUSY oot |
contributions to theB®-B® mixings become larger than
=10%3 ThereforeAmg , Amg,, andAZR(B—J/¢yKg) are -120 : : ‘ :
almost the same as the SM values for a given CKM matrix. 0 500 1000 1500 2000 2500
On the other handsy can be quite different from the SM m(g) [GeV]

value even under the— ey constraint because of large en-
hancements of th&°-K°® mixing matrix elements for the
scalar operators in Eq24). This correction ofck leads to a
change of the allowed region of the paramefgrand even-
tually affects the possible region oAmBs/Ade and
,A\E';E;(E;H JyKg). for the: parameter sets satisfying the ponstrain.ts. The corre-
In the U2) model, the SUSY contribution te, can be spondlng allowed region for the SM is also given in each_
large in a similar manner. In addition, there &€1) correc- plot. Solid curves show the correlations among three quanti-

tions toM1(Bg) andM15(B,) so that theAmg_/Amg and tir?S ir;]the”SM 20r|Vu_b/Vpb|=ho-%El5\}l 0.09, ?rlld g-lo- We ?iel:?
ATX(B—J/yKg) can be different from the SM values with that the allowed region in the SM is mainly determined by

. Vip/Vep| @andey .
the same CKM matrix. Vuo/Ves K - .
Deviations ofe, Amg,, Amg_, and ¢y from the SM In the mSUGRA, the deviation from the SM is not so

) : significant since the SUSY contributions to all thl,'s are
values are plotted as functions of the gluino mass forBtan gmall.

=20 in Figs. 2—4. In these figures, we fix the parameters in |y the SU5) SUSY GUT with right-handed neutrinos, we
the CKM matrix as|V,p/Vcp|=0.09 and¢;=65° and do  see that all the allowed points lie between the lines corre-
not impose the experimental constraints fre, Amg,  sponding to the SM values withV,,,/V,| =0.08 and 0.10.
Amg_, andAZp(B—J/¢Ks). The above features can be seenThis pattern arises because only #®&K° mixing receives
quantitatively in these figures. We see thatcan be differ- SUSY corrections 0©(1) corrections from the SUSY loops,
ent from the SM prediction by a factor e§2.5 in the SW5)  whereas the SUSY contributions ¥ 1,(By) and M,(Bsy)
SUSY GUT with right-handed neutrinos, and the deviation isare small. As a result, the allowed region ¢f can be
even larger in the (2) model. In the mSUGRA, the devia- shifted, andAmBS/Ade andAZR(B—J/#Kg) can be dif-
tion is smaller than 10%. As foAmg, and Amg, O(1)  ferent from the SM region. In other words, observables from
deviations are possible in the(2) model, while the devia- B physics namely [Vy,/Vcpl, Amg /Amg,, AX(B
tions are small for the other cases. The valugpfcan also  _, 3/, k), and ¢4 consistently determine a set of param-
be different from the SM value2¢;,) significantly in the  gters in the CKM matrix in the SM analysis, though the
case of the (2) model. For the mSUGRA and the 8)  experimental values, may not be consistent with the SM
SUSY GUT with right-handed neutrinog,,=2¢, is agood  yajye calculated by the CKM parameters fr@nphysics.
approximation. _ The upper limit ofAmg_/Amg_ in the plot is determined by
Next, let us Vary|\./Ub/V°b| and ¢3 and impose all the . 1 ye hound ofAmg  given in Eq.(36).
experimental constraints explained above. In Fig. 5 we show d _ )
In the U2) model, we see that the allowed points exist

ossible values oATX(B—J/#Kg), Amg /Amg , and , . ,
P cp(B—=JIYKg) Bs B Ps outside of the region betwedN,/V,=0.09+0.01 lines.
SUSY corrections tdVl15(By) and M 14(By) in this model,
3The constraint from B¢—evy) is somewhat model dependent. unlike thosg in the SUSY GUT, are ConSid.eraply large and
The above results depend on our choice of the structuri#l gf not prOporF'onal to the qureSpond'ng combinations of CKM
and/orV,,s. If we change these assumptions and suppregs B( €léments in the SM. Since all ofx, Amg /Amg , and
—ey), the SUSY contribution tamg_can be more significant. For AZp(B—J/#/Kg) can be corrected, there might be a mis-

example, if we take the small mixing MSW solution for the solar match in the determination of the unitarity triangle by the
neutrino anomaly, a 50% enhancemeniaf_is possible[14]. SM analysis with these quantities agd. In particular, we

FIG. 4. Deviation of¢,, from the SM value €2¢,) as a func-
tion of the gluino mass for the (@) model with the same parameter
set as Fig. 2.
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FIG. 5. Scatter plots in the planpAZX(B— J/¢Ksg), Amg_/Amg ] and (¢3,Amg /Amg ) for three SUSY models. Solid curves show
the SM values with fixedV,,/V.,|=0.08, 0.09, and 0.10.

may be able to extract new physics contributions from ob-CKM parameters, especiallys;, can be determined from
servables irB physics. these observables with small hadronic uncertainties. By com-
Finally, we discuss future prospects of new physics searcparing this¢ value with that derived front P asymmetries
in B decays. We expect thaAfp(B—J/¢/Ks) and in variousB decays, we can carry out a consistency check of
Amg_/Amg will be precisely measured in a few years at thethe SM and examine the existence of SUSY effects. As an
B factories and Tevatron experiments. If we assume the SMillustration, we pick up the calculated data points which sat-
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FIG. 6. Typical example regionsa) AmBS/Ade=35><(1
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=55x (1+0.05) andAZX(B—J/¢ Kg) =0.75+0.02.

PHYSICAL REVIEW D 66, 035009 (2002

isfy the following values of AZX(B—J/¢Kg) and
AmBS/Ade:

(a) AmBs/Ade:35><(1t0.05),
AlX(B—J/yKg)=0.75+0.02,
(b) Amg_/Amg =55x(1+0.05),
AlX(B—J/Kg)=0.60+0.02,
(@) AmBS/AdeZSSX(liO.OS),
AX(B—J/yKg)=0.75+0.02.
mix

(a) corresponds to the case in whiek, Acp(B—J/ ¢ Kg),
andAmBs/A Mg, are consistent with the SMb) and(c) are

cases in which there are some inconsistencies among the
three observables within the SM. The three regions are
shown in Fig. 6.

We present the possible region ¢f in each case for the
three models in Fig. 7. For the ca&®, ¢ is 60°—65° if we

120 T T T T
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@Q 4
: I
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FIG. 7. Possible region of; as a function of the gluino mass.
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assume the SM. The possible valuedaf is the same as the We can carry out the consistency check of the unitarity tri-
SM in the mSUGRA and the §B) SUSY GUT with right- angle among the observables iB physics, namely
handed neutrinos. The parameter region with=1.5 TeV ~ Amg /Amg , AZR(B—J/¢Ks), and ¢5. For the U2)

in the SU5) SUSY GUT is excluded due to the—ey  model, in particular, a large deviation from the SM value is
constraint. On the other hand, in théymodel, 3 can be  possible. It is therefore very important to determipg pre-
different from the SM value by-30° for themg=1 TeV  ¢isely in theoretically clean ways from the decay modes,
region. such aB— 7, pm,DFIK*) D)7 D* p. These measure-
For the casegb) and (c), the mSUGRA(as well as the  ments are possible in futues’ e~ superB factories and had-
SM) is excluded because of the mismatch amang, ron machines such as LHC-B and B-TeV.
ACp(B— /i Ks), andAmg_/Amg_. In the other two mod- In this paper we have mainly considered the consistency
els, the experimental value @fx can be reproduced with test of the unitarity triangle through, decays, but there are
SUSY contributions. In the SB) SUSY GUT with right-  other possibilities of finding SUSY effects i physics. A
handed neutrinoses is the same as that derived from new phase in thd.-Bs mixing amplitude may affecCP
Amg_/Amg, and ACE(B—J/¢Kg) by the SM analysis. In  asymmetries inB decays such as thBs—J/¢¢ decay.
the U2) model, ¢3 can be different from the value of the These asymmetries can be measurediexperiments at
SM. hadron machines. For the(2) model, theseCP asymme-
We have also studied the case of @&n5 and drawn the tries could be different from the SM predicti¢h5]. Another
figures corresponding to Figs. 5 and 7. We have found thapossibility is to measure branching ratios a0& asymme-
the allowed regions in these figures are almost the same asges in rare decays such as-sl™l~ and b—svv.
those for tarB=20. In conclusion we have shown that SUSY models with
different flavor structures can be distinguishediphysics.
V. CONCLUSIONS As we have illustrated with three specific models, the pat-
e terns of the deviations from the SM in tigephysics depend
In order to distinguish SUSY models by measurements

: . O n the SUSY breaking mechanism and interactions at a high
B factories, we have studied SUSY contributions to theenergy scale. Present and future experimen® finysics at

K°-K®, Bq-Bg, andBs-Bs mixings in three SUSY models, e*e~ B factories and hadron machines are therefore very

namely the mSUGRA, the 88) SUSY GUT with right-  important to explore the flavor structure of SUSY breakings.

handed neutrinos, and the(2) model. Note addedAfter submission of this paper, we received
First, we have considered the observablesg , Amg,, the paper by D. Chang, A. Masiero, and H. Muray&33]

AIX(B—J/yKg), andey . In the mMSUGRA, the deviations in which the possibility of the largb—s transition is pointed

from the SM values are at most 10% for these observable®ut in the context of the S@0) SUSY GUT.

In the SU5) SUSY GUT with right-handed neutrinos, the

SUSY contributions tosx can be large whereas those to

M15(Bg) andM5(Bs) are less than 10%. In the(2) model, ACKNOWLEDGMENTS

the deviations from the SM values for all the above observ-

ables can be very large. In the latter two models, we may b

able to see SUSY effects from the consistency check of th

unitarity triangle amongey, AmBS/Ade, and ATR(B
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—JyKyg). _ _ ) of Education, Culture, Sports, Science, and Technology,

Second, we have considered cases in which the two olggyernment of JapafiNo. 13640309, priority area “Super-
servablesAmg_/Amg and ACp(B—J/4Kg) are precisely  symmetry and Unified Theory of Elementary Particlégd.
determined at th® factories and Tevatron experiments. We 707). The work of Y.S. was supported in part by a Grant-in-
have studied how we can distinguish these different modeléid of the Ministry of Education, Culture, Sports, Science

if we determineg in addition to the above two observables. and Technology, Government of Jap@o. 13001292
APPENDIX: THE CKM MATRIX AND THE UNITARITY TRIANGLE

In this paper we use the “standard” parametrizatj8a] for the CKM matrix with three mixing angleg,,, 0,3, 6,5 and
a complex phasé;s:

—is
C1C13 S12C13 Sie 18
s 5
Verm=| —S12€23~ C15523513€ ™13 C1Lo3—S1558815€ "3 SpC1z |, (A1)
s 5
S12593~ C12C238138 13 —C128p3—S1C23512€ 3 Cpls

wherec;; = cosé; ands;;=sin ;. The anglesp,, ¢,, and ¢ in the unitarity triangle are defined as
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ViV
q&l—ar% _ —cbled (A2a)
Vid
ViV
¢2=arg< - ==, (A2b)
Vuqud
\ViY,
P3= ar% - ib—Ud . (A20)
Vcchd
In the conventionAl), these angles are written in a good approximation as
1 SM
$1=5argM1; (Ba)s (A3)
$3=013. (A4)
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